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from the pooled analyses were 68.00/o (FS), 58.50/o (HS), 79.80/o (Sl), 77.30/o (S2), 53.30/o (TC-I),
62.70/o (TC-B), and 54.90/o (FR). The estimate of heritability was unexpectedly smaller for S2 when
compared with S1 selection. The hypothesis was developed that the small relative value of heritability for S2
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ABSTRACT - Estimates of heritability allow breeders to calculate expected progress from se-
lection relative to germplasm sources, the type of breeding procedure used to improve the 
germplasm, and the amount of testing of genetic material. The objective of this study was to 
compare estimates of heritability and other genetic parameters for yield of maize (Zea mays 
L.) by using variances among progenies for 121 selection experiments from seven recurrent 
selection programs. The seven recurrent selection methods included full-sib (FS), half-sib 
(HS), S 1 per se progeny (S 1 ), S2 per se progeny (S2), testcrosses with an inbred tester (TC-
I), testcrosses with an broad-base tester (TC-B), and full-sib reciprocal recurrent selection 
(FR). The estimates of the heritabilities from the pooled analyses were 68.00/o (FS), 58.50/o 
(HS), 79.80/o (Sl), 77.30/o (S2), 53.30/o (TC-I), 62.70/o (TC-B), and 54.90/o (FR). The estimate of 
heritability was unexpectedly smaller for S2 when compared with S1 selection. The hypothe-
sis was developed that the small relative value of heritability for S2 selection was due to the 
importance of dominance effects in the individual populations undergoing selection. The ef-
fects of machine versus hand harvesting were to increase the error variance 2.5 times and the 
genetic variance 2 times. Heritabilities were similar for hand and machine harvesting. 
KEY WORDS: Zea mays L.; Variance components; Predicted genetic gains; Grain yield; Har-
vesting methods. 
INTRODUCTION 
Heritability is an important property of quantitative traits because it is 
a measure of the relationship between phenotypic values and breeding va-
lues (FALCONER, 1981). DuoLEY and MoLL (1969) discussed uses of heritability 
1Joint contribution of USDA-ARS and Journal Paper No. J-12329 of the Iowa Agric. 
and Home Econ. Exp. Stn., Ames, IA 50011. Project 2194. 
62 K.R. LAMKEY, A.R. HALLAUER 
estimates in plant breeding programs. Two of the more important factors 
in developing a breeding program, once the sources of germplasm have 
been chosen, are how extensively must the genetic material be tested (in 
terms of years, locations, and replications) and what type of breeding pro-
cedure will provide the most rapid improvement for the traits of interest. 
Estimates of heritability and the parameters contributing to heritability pro-
vide the breeder with a basis for making these decisions. 
Before heritability can be estimated, an acceptable definition of herita-
bility is needed. HANSON (1963) defined heritability as the fraction of the 
selection differential expected to be realized in the next generation when 
selection is practiced on a defined reference unit. He emphasized that this 
definition of heritability combines relative genetic variability with selection 
concepts. This is important because the primary use of heritability in plant 
breeding is to predict gain from selection. As a selection concept, heritabi-
lity is meaningless without proper definitions of the genetic and environ-
mental designs (DuDLEY and MoLL, 1969). 
For many family selection methods, heritability is easier to define 
than to estimate. The two primary sources of estimates of heritability are 
one- and two-factor mating designs (CocKERHAM, 1963). The most com-
monly used two-factor mating designs are Designs I, II, and III of CoM. 
srocK and RoBINSON (1948). The advantage of two-factor mating designs is 
that additive and dominance variance can be estimated, assuming no epi-
stasis. The disadvantages of two-factor designs is the time and expense in-
volved in constructing and evaluating these design. In addition, after many 
cycles of selection, the estimates may not be valid for predicting gain due 
to gene frequency changes expected with selection. 
The progenies evaluated in recurrent selection experiments constitute a 
one-factor mating design, and heritability can be estimated for each cycle 
of selection with no additional effort. Only one genetic component of va-
riance, however, can be estimated with one-factor mating designs, resulting 
in the confounding of additive, dominance, and other types of genetic va-
riance. Consequently, heritability estimated from one-factor mating designs 
can generally be considered only as an upper limit of the true heritability. 
The objectives of this study are to compare the expectation of herita-
bility estimated from one-factor mating designs with the genetic expectation 
of heritability as defined by HANSON (1963) and to compare estimates of 
heritability and other genetic parameters for yield of maize (Zea mays L.) 
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by usmg vanances among progemes from seven recurrent selection pro-
grams. 
MATERIALS AND METHODS 
Data were summarized for seven recurrent selection methods: full-sib (FS), half-sib 
(HS), SI per se progeny (SI), S2 per se progeny (S2), testcrosses with an inbred tester (TC-
I), testcrosses with a genetically broad-base tester (TC-B), and full-sib reciprocal recurrent se-
lection (FR). A broad-base tester was .considered to be any tester other than an inbred line. 
The procedures used in each of the recurrent selection methods were similar to those outli-
ned by HALLAUER and MIRANDA (1981). Remnant SI-line seed was recombined for all met-
hods except FS and HS, for which remnant seed of the selected families was recombined. 
Data for this study were obtained from the annual reports of the cooperative federal-
state maize breeding program at Ames, Iowa. Generally, the recurrent selection experiments 
involved the evaluation of progenies replicated in two or more environments. Estimates of 
the necessary genetic parameters to calculate heritability were obtained from the analyses of 
variance combined over environments. Selection experiments conducted before 1962 were 
not summarized because combined analyses of variance frequently were not available. The 
statistics summarized from each selection experiment included: the population, method and 
cycle of selection, and experiment mean; number of progenies, replications, and environ-
ments included; genotype (G), genotype x environment (GE), and error (e) mean squares; 
and their degrees of freedom. Statistics were available for I21 selection experiments replica-
ted in two or more environments. 
For each selection experiment, the following parameters were estimated: phenotypic 
(a 2 ph), genotypic (a 2 c), genotypic x environmental (a 2 GE), and error (a \ ) components of 
variance and their standard errors; heritability (H) on a progeny mean basis; the upper and 
lower confidence limits for heritability; and the genetic coefficient of variation (GCV). The 
phenotypic variance was calculated for the environmental design used with each of the selec-
tion experiments. Heritability was calculated as the ratio of genotypic variance to phenotypic 
variance (H = (t 2 c)la 2 ph). The exact upper (UCL) and lower (LCL) confidence limits for 
heritability were calculated according to the procedure of Knapp et al. (I 985). The genetic 
coefficient of variation was calculated as the ratio of the squares root of ff 2 c to the mean 
of the experiment. Estimates of parameters from individual selection experiments were avera-
ged (unweighted) over experiments within selection methods to provide an estimate of the 
mean and range of the parameter estimates for each selection method. 
Better estimates (i.e., estimates with smaller standard errors) of the parameters can be 
obtained by pooling the sums of squares and degrees of freedom over selection experiments 
within selection methods. Mean squares for genotypes, genotypes x environments, and error 
were recalculated from the pooled sums of squares, and the parameters (a 2c, a 2cE• a 2" a 2ph• 
H, and GCV) estimated from the pooled mean squares. The parameters were estimated assu-
ming an environmental design consisting of two replications within each of three environ-
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ments. This was the most common environmental design used with the 121 selection experi-
ments. 
RESULTS AND DISCUSSION 
Genetic content of the heritability calculated from the variance among 
progenies, the expected genetic content from the definition given by HAN-
SON (1963), and the bias in the calculated heritability are shown in Table l. 
Heritability is not given for TC-I and and TC-B separately because the dif-
ferences between the two methods is primarily a function of the allele fre-
quency in the tester (CoMsTOcK, 1979). Without knowledge of the allele fre-
quency in the tester the relative magnitude of heritability for TC-I and 
TC-B cannot be predicted. For Sl and S2, D1 is defined as the covariance 
of additive and homozygous dominance effects and D2 is the variance of 
homozygous dominance effects (CocKERHAM and MATZINGER, 1985). The heri-
tabilities shown for FS, HS, Sl, and S2 refer to the change in the mean of 
the population per se, whereas the heritability for TC and FR refer to the 
change in the mean of the testcross progenies and population cross, respec-
tively. For all selection methods except S2, FS, and HS, it was assumed 
that remnant seed of S 1 lines was recombined to calculate heritability. For 
S2 selection, it was assumed that remnant S2 seed was recombined; if rem-
nant S 1 seed was recombined, then the expected heritability would be (a 2 A 
+ 3/4D1)/ a 2ph)· It was assumed that remnant seed of the selected families 
was recombined for FS and HS. The expected gain and variance among fa-
mily expressions for Sl and S2 were given by CocKERHAM and MATZINGER 
(1985). 
The HS and TC selection methods had no bias when heritability was 
estimated from variances among progenies. The bias for FS and FR was a 
function of a quarter of the dominance variance from the respective refe-
rence populations. The relative size of the bias for Sl and S2 was difficult 
to predict because D 1 for S 1 and S2 selection can be positive or negative, 
and empirical estimates of the quantity have not been made. If the as-
sumption of no dominance is made, the bias will be zero for all selection 
methods. With two equally frequent alleles per locus, D 1 = D2 = 0 (Coc-
KERHAM and MATZINGER, 1985). 
The reference population for this study was defined as the maize po-
pulations undergoing recurrent selection for yield for the cooperative fede-
ral-state maize breeding program at Ames, Iowa. Sampling of the reference 
TABLE I - Expectation of heritability as defi,ned by HANSON (1963) and when estimated from the variances among families and bias when he-
ritability was estimated from variance among families. 
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HS 
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Table 1 (continued) 
Heritabilityt 
Selection method HANSON (1963) Variance among families Bias 
52 3/2a
2 A + 5/4D 1 3/2a\ + 3/ 16a2n + 5/2D 1 + 9/ 16D2 3/ 16a 2n + 5/4D 1 + 9/ 16D2 
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(J ph 
2 
(J ph 
ta 2A = additive variance; a 2n =dominance variance; D 1 =covariance of additive and homozygous dominance effects; D2 =variance 
of homozygous dominance effects; a 2Ar = additive variance among testcross progenies; a 2nsc = additive variance in population cross; 
a
2 Dsc = dominance variance in population cross; F = inbreeding coefficient of plants in population; and a 2 ph = phenotypic va-
riance. 
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population by the seven selection methods is shown in Table 2. The num-
bers in Table 2 are the cycles of selection completed since 1962 by each 
selection method within a specific population. Assuming that gene frequen-
cy changes due to selction were small, cycles of selection within a popula-
tion can be considered as repeated samplings of the same population for 
purposes of estimating genetic parameters. 
The number of cycles of selection available for Sl, S2, TC-I, and 
TC-B was 19 or greater and provided an adequate representation of the de-
fined reference population. However, sampling of the defined reference po-
pulation by the FS, HS, and FR selection methods was limited primarily to 
the BSlO and BSll maize populations. The number of progenies contribu-
ting to estimates of the genetic parameters ranged from 400 for HS selec-
tion method to 4099 for TC-B. The average number of progenies evalua-
ted per cycle was 121, with a range of 86 to 300. The selection experi-
ments were evaluated for 1 year at an average of three locations. The most 
frequently used experimental design included two replications at each of 
three locations evaluated in 1 year. 
The ranges within selection methods for most of the variance compo-
nent estimates were large because of the diversity of the populations and 
environments in which the genetic parameters of grain yield were estimated 
(Table 3). The frequency of negative variance component estimates was 
low. There were five negative estimates of the genotype x environmental 
interaction, which were not significantly different from zero. The average 
estimates of H ranged form 50.7 (TC-I) to 78.1% (S2) (Table 3). The gene-
tic coefficient of variation (GCV), which measures genetic variation relative 
to mean performance, ranged from 2.1 (TC-B) to 39.8% (Sl). 
Estimates of genetic parameters pooled over selection experiments wit-
hin selection methods are more precise than the average estimates reported 
in Table 3 (Table 4). However, other sources of variation contribute to the 
heritability estimates, which are not reflected in the confidence interval of 
the pooled estimates. The same sources populations are not included in all 
selection methods, and the genetic parameters are not all estimated in the 
same environments. The nature of the data preclude an accurate estimate 
of these sources of variation, but an approximation can be made by calcu-
lating a standard error for heritability as S.E. (H) = 
/ _E_,(~!{~)2_-_____,__(E_l{...c..c)_z ;_n_, where 
n-1 
1, 2, ..... , n and indexes the se-
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TABLE 2 - Number ef independent samples (cycles of selection completed since 1962) ef each of the 
populations used to estimate genetic paramenters for the seven selection methods. 
Selection method 
Populations FS HS Sl S2 TC-I TC-B FR 
BSSS 
___ t 
4 7 
BSCBl 5 
BSK 4 2 3 3 
BSTL 4 
Kolkmeier 
Lancaster 
BS2 4 
BS6 6 
BS7 
BSlO 4 7 
BSll 5 4 6 2 2 7 
BS12 5 
BS15 2 
BS16 4 
BS21 3 3 
BS22 3 3 
BSSS2 3 2 
BSAA 3 
(WF9 x B7)F2 2 
(B39 x B44)F2 4 
(CI131AxC 103)F2 --- 4 
Total 9 4 19 23 22 36 8 
Progenies (no.) 900 400 2494 2454 2845 4099 1493 
Environments (no.) 23 12 53 61 69 126 22 
Testers (no.) 7 12 
tNo estimates were available. 
TABLE 3 - Minimum, maximum, and mean values of eight genetic parameters of grain yield estimated from selection experiments far seven recurrent 
selection methods. 
Parameter ::r:: 
Selection trJ ~ 
>-l 
method > 
"" 
....-...... ....---.. ....---.. 
°" '2 '2 '2 '2 H UCL LCL GCV p a' a GE a G a PH 
::i 
>-<: 
Tl 
:;>:I 
-----------------------------q ha-1--------------------------- 0 
~ 
:;>:I 
FS Minimum 65.5 0.9 11.2 34.7 24.0 39.2 4.9 4.9 trJ () 
c 
Maximum 106.6 44.9 91.4 113.7 81.6 85.3 77.0 15.5 ~ 
trJ 
z 
Mean 89.2 + 8.8 18.3 + 8.6 48.5 + 11.8 74.2 + 11.3 60.3 68.2 50.4 10.9 >-l 
Vl 
trJ 
HS Minimum 57.2 1.2 15.0 27.8 53.9 63.1 42.4 7.8 r' trJ () 
>-l 
Maximum 94.2 15.4 25.6 43.8 61.4 69.1 51.7 9.8 5 
z 
Mean 78.1 + 6.6 9.2 + 6.0 22.7 + 5.9 38.8 + 5.6 58.l 66.5 47.7 8.6 z 
Sl Minimum 22.2 -4.0 11.8 20.7 46.3 57.1 32.9 7.1 ~ > N 
Maximum 112.7 36.4 158.7 179.7 95.2 96.2 94.0 
trJ 
39.8 
Mean 51.6 + 4.7 13.2 + 4.9 60.4 + 11.3 75.4 + 11.1 76.4 81.1 70.5 19.4 
°' '° 
Table 3 (continued) "-.l 
0 
Selection Parameter 
method H' ~ 
,.......__ ,,,....... 
' 2 ' 2 '2 '2 UCL LCL GCV (J ' (J GE (J G (J PH 
-----------------------------q ha-1--------------------------- ::>:: 
~ 
52 Minimum 16.8 3.4 24.0 31.7 50.7 60.5 38.3 11.3 &: 
Maximum 125.0 57.6 151.0 174.3 89.4 91.5 86.7 39.3 ~ ~ Mean 50.6 + 4.8 22.3 + 6.1 67.6 + 12.8 85.3 + 12.6 78.1 82.5 72.6 27.2 
> 
TC-I Minimum 24.l -2.6 3.0 9.0 26.5 41.2 8.1 2.2 ~ 
Maximum 211.9 40.8 77.3 77.3 75.9 80.7 69.8 9.7 ::r: > 
r' 
M ean 80.7 + 7.7 12.0 + 7.1 18.3 + 5.8 36.I + 5.4 50.7 60.6 38.4 5.7 &: 
c: 
TC-B Minimum 11.4 0.1 2.0 6.5 30. l 44.1 12.6 
trl 
2.1 ;:o 
Maximum 106.3 28.6 55.8 72.5 81.8 85.4 77.2 9.6 
Mean 55. l + 4.6 8.5 + 4.1 17.2 + 4.3 27.7 + 4.2 59.2 67.4 49.0 6.1 
FR Minimum 23.5 -1.6 17.2 32.2 45. l 56.1 31.7 4.7 
Maximum 154.9 29.0 48.4 80.5 81.3 85.0 76.6 11.3 
Mean 96.7 + 6.3 10.6 + 5.7 31.9 ± 5.8 52.8 +5.5 60.9 68.8 51.2 8.6 
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lection experiment within a given selection method. The estimates of S.E. 
(H) for the seven selection methods are 19.7 (FS), 3.2 (HS), 12.4 (Sl), 8.9 
(S2), 13.4 (TC-I), 14.4 (TC-B), and 10.5 (FR). The magnitude of these esti-
mates suggests that variation can be excepted for heritability, depending 
upon the environment and population. This variation was expected and in-
dicates that our pooled estimates of heritability should be interpreted ac-
cordingly. However, we believe that the relative differences in heritability 
estimates among selection methods were reasonable expectations of what 
one would expect had the estimate been made using the same populations 
and environmental conditions. 
Because of the large number of degrees of freedom obtained from 
pooling the data over selection experiments, a high level of precision was 
obtained on the pooled estimates of the components of variance. The esti-
mates of the components of variance reported in Table 4 were all signifi-
cantly different from zero. Based on the relative magnitudes and confiden-
ce intervals for heritability, the selection methods can arbitrarily be classi-
fied into three groups (Sl, S2), (FS, TC-B), and (HS, TC-I, FR). The avera-
ge heritability estimates for the three groups were 78.6, 65.5, and 55.7%, 
respectively. 
Because the confidence intervals for H were exact, statistically signifi-
cant differences among selection methods could be determined for H. The 
heritabilities of S 1 and S2 selection were not significantly different at the 
10% significance level. Heritabilities for S 1 and S2 selection were signifi-
cantly greater than the other five selection methods. FS and TC-B heritabi-
lities were not significantly different; however, H for FS was significantly 
larger than H for HS, TC-I, and FR. There were no significant differences 
among heritabilities for the HS, TC-I, TC-B, and FR. 
Theoretically, the heritability of S2 selection was expected to be larger 
than the heritability for Sl selection because the genetic variance among 
S2 families was expected to be l.~ times larger than the genetic variance 
among Sl families (Table 1). Reasons for the discrepency between the ob-
served results and theoretical expectations are not readily evident. Three 
possible explanations exist. D 1, which was defined by CocKERHAM and MAT 
ZINGER ( 1985) as the covariance between additive and homozygous dominan-
ce effects, can be positive or negative. The coefficient on D1 was 2.5 times 
larger for S2 families than for S 1 families, and if this term was negative, 
this could explain the small variance among S2 families. To the authors' 
knowledge, estimates of D1 have not been made for maize. 
TABLE 4 - Pooled estimates of eight genetic parameters of grain yield for seven recurrent selection methods. 
--..J 
N 
Selection Parameter 
method 
..... 2 A-2 A 2 A 2 ii' ..---..... /-...., /"-.., a ' 17 GE 17 G 17 PH UCL LCL GCV 
-----------------------------------q ha· 1------------------------------------
;>; 
(0 
FS 90.0 + 2.7 18.l + 2.8 44.3 ± 3.2 65.1 + 3.1 68.0 74.4 60.0 11.0 
- -
-
r-' 
>-~ 
HS 78.1 ± 3.3 9.2 ± 3.0 22.7 ± 2.9 38.8 + 2.8 58.5 66.8 48.1 7.5 @ 
.>< 
>-
SI 53.3 ± 1.0 14.2 ± 1.0 54.0 + 1.9 67.6 + 1.9 79.8 83.9 74.8 18.4 ?=' 
::r: 
>-
r-' 
S2 54.5 + 1.0 24.1 + 1.3 58.5 + 2.2 75.6 + 2.2 77.3 81.8 71.7 24.3 s: 
-
-
-
- c 
tn ;;o 
TC-I 79.1 ± 1.3 9.6 ± 1.1 19.0 ± 1.0 35.4 + 0.9 53.8 63.0 42.2 5.9 
TC-B 55.1 + 0.6 9.9 ± 0.6 21.0 + 0.7 33.4 ± 0.7 62.7 70.1 53.4 6.9 
FR 107.2 + 2.4 13.8 ± 2.2 27.3 ± 1.9 49.8 + 1.8 54.9 63.9 43.6 7.7 
---------------------------------~---·-_.'!;;2 •> N 
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The second possibility was that the S2 lines evaluated for yield were 
not a random sample from their reference populations. Generally, in the 
development of S2 lines, there was strong selection pressure among and 
within S 1 lines for desirable agronomic traits. Therefore, the S2 lines were 
highly selected for agronomic traits, and because of the genetic correlations 
between agronomic traits and yield (HALLAUER and MrRANDA, 1981) the S2 li-
nes may have had some selection for yield as well. CLUCAS and HALLAUER 
(1986) evaluated the effects of visual selection among and within Sl lines 
of maize on the performance and variance among S2 lines. They found 
that visual selection was effective for increasing the average yield of S2 li-
nes per se as compared with a control group of unselected S2 lines from 
the same population. However, the genetic variance among lines was simi-
lar for the selected and unselected groups of S2 lines per se. The results 
of CwcAs and HALLAUER ( 1986) do not support the hypothesis that visual 
selection among the S 1 progenies resulted in a reduction of the variance 
for yield among the S2 progenies. 
The third possibility for the reduced genetic variance among S2 proge-
nies in this study is sampling error. Because different populations were ex-
pected to have different genetic parameters, the populations sampled for 
this study could have biased our results. Five of the seven populations con-
tributing to the S 1 estimates were in common with the nine populations 
contributing to the S2 estimates (Table 5). The obvious and expected featu-
res of Table 5 were that the relative magnitudes of the genetic variance 
and heritability were population dependent. For three population (BSK, 
BSTL, BSSS), the ratios of the S2 to S 1 genetic variance components were 
1.1 or less, and the heritability for S2 selection was less than for S 1 selec-
tion. For the BS 11 and BSSS2 populations, the genetic variance compo-
nent ratios were greater than 1.5, and the heritability was larger for S2 se-
lection. A hypothesis to explain these results involves the importance of 
dominance in these populations. Dominance was known to be important 
in BSSS (HALLAUER, 1970; SrLVA and HALLAUER, 1975), and relatively unimpor-
tant in BS 11 (REEDER, 1985). The relative importance of dominance in BSK, 
BSSS2, and BSTL is unknown. These data suggest that D 1 may be negative 
and large enough to affect the variances among Sl and S2 progenies. 
All recurrent selection experiments conducted before 1971 were hand-
harvested, whereas those conducted in 1972 or later were machine-harve-
sted. This allows a comparison of the effects of harvest method on estima-
tes of genetic parameters. The comparison betweeen harvest methods was 
TABLE 5 - Pooled genetic parameter estimates of grain yield for the populations in common to the SI and S2 selection methods. -...J ~ 
Parameter 
Selection 
'2 '2 '2 '2 ~ 
-
............ 
Population method (J e (J GE (J G a PH H UCL LCL 
- - --- - - - - - --- - - - --- - - - -------q ha-1---- --- - - --- - - - --- - - --- - - -- 0 (" 
BSK S1 31.4 ± 1.3 12.6 ± 1.4 35.4 ± 3.3 44.6 ± 3.3 79.3 83 .5 74.l 5: $'.: 
S2 48.3 ± 3.4 23 .7 + 4.3 40. 1 ± 5.8 56.0 + 5.6 71.5 77.2 64.4 ~ 
BSSS2 51 57.7 ± 2.6 14.2 + 2.5 46.4 ± 4.7 60.7 + 4.6 76.4 81.1 70.5 >-1"' 
S2 70.5 + 4.3 39.6 ± 5.7 82.8 + 10.9 107.7 + 10.8 76.9 81.5 71.1 
- - ::c 
>-
r' 
BSTL s, 28.3 ± 1.8 10.9 + 3.2 62.8 ± 8.7 71.2 ± 8.6 88 .3 90.6 85.3 r' >-c 
S2 49.2 ± 2.3 16. l + 2.6 49.7 ± 4.3 63.3 ± 4.3 78.5 82.8 73.2 tT1 ;:o 
BSll SI 69.2 ± 2.0 17.4 + 2.3 55.0 ± 3.3 72.3 ± 3.2 76.0 80.8 70.0 
Sz 51.6 ± 3.3 18.4 + 4.0 95.5 + 11.2 110.3 ± 11. 1 86.6 89.3 83.3 
BSSS S1 78.4 ± 6.6 21.0 + 6.9 44.5 ± 9.3 64.5 ± 9.1 68.9 75. 1 61.2 
Sz 75. 1 ± 3.0 30.6 + 3.8 49 .3 ± 5.3 72.1 ± 5.2 68.5 74.8 60.6 
TABLE 6 - Estimates of genetic parameters of grain yield for three selection methods and two harvest methods. 
Selection Harvest 
Parameters 
"' 
./".... 
Nt H' """" method method '2 '2 '2 '2 UCL LCL GCV a ' a GE a G a PH 
ha· 1---------------------------------------
Sl Hand 4 26.8 ± 1.0 10.8 ± 1.3 42.9 + 3.6 51.0 + 3.6 84.l 87.3 80.2 14.4 
Sl Machine 15 60.7 + 1.2 14.7 + 1.3 55.9 + 2.3 70.9 + 2.2 78.8 83.l 73.5 19.2 
TC-I Hand 6 32.7 + 1.3 7.1 + 1.1 10.2 + 1.1 17.9 + 1.1 56.8 65.4 46.0 4.1 
TC-I Machine 16 92.2 + 1.7 11.0 + 1.5 20.5 ± 1.2 39.5 ± 1.2 51.9 61.5 39.8 6.2 
TC-B Hand 16 29.3 + 0.5 7.1 + 0.6 11.8 + 0.7 19.1 + 0.7 62.0 69.6 52.5 5.2 
TC-B Machine 20 75.2 + 1.2 8.9 + 1.0 26.0 + 1.2 41.5 + 1.1 62.7 70.l 53.3 7.6 
t Number of selection experiments contributing to the estimates. 
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of interest because machine harvesting indirectly selects for resistance to 
lodging and dropped ears. Therefore, hand and machine harvestable yield 
can be thought of as different traits. The data allow the comparison bet-
ween hand and machine harvesting for Sl, TC-I, and TC-B (Table 6). For 
all three selection methods, the error variance was increased approximately 
2.5 times with machine harvesting. There was little change in the genotype 
x environmental variance; however, it tended to be larger with machine 
harvesting. The genetic variance for machine harvesting was two times lar-
ger for TC-I and TC-B and slightly larger for S l. The observed increased 
in genetic variance was presumably due to selection for resistance to lod-
ging and dropped ears with machine harvesting. The heritabilities for ma-
chine and hand harvesting wei:e similar in magnitude and in the same 
range as the pooled estimates reported in Table 5. The larger change in 
precision associated with changing from hand to machine harvesting was 
also accompanied by a similar increase in the genetic variance resulting in 
small changes in heritability. 
One of the primary uses of heritability in maize breeding programs is 
to compare expected genetic gains to determine which methods meet the 
objectives of the breeding program (DumEY and MoOL, 1969). Predicted ge-
netic gains are reported in Table 7 on a per-cycle and a per-year basis. The 
predicted genetic gains were calculated by using the heritabilities reported 
in Table 4 and assuming a 20 O/o selection intensity based on the evalua-
tion of 100 random progenies (k = 1.386). Assuming no dominance, the 
change in mean of the population per se was predicted for FS, HS, S l, 
and S2, and the change in the mean of the population cross (testcross) was 
predicted for TC-I, TC-B, and FR. If dominance was important, the pre-
dicted gains will be over- or under-estimated proportional to the bias 
shown in Table l. CocKERHAM and MATZINGER (1985) have shown that the 
variance among Sl and S2 families was appropriate for prediction of the 
immediate response to selection; i.e., the mean of the selected group of li-
nes before recombination. Immediate response to selection may be of inte-
rest in an inbred line development program where the performance of the 
lines per se was of interest. 
Recognizing that the predicted gains from a recurrent selection view-
point were upper limits for four (FS, Sl, S2, FR) of the seven selection 
methods, direct comparisons among gains were possible for FS, HS, Sl, 
and S2, and for TC-I, TC-B, and FR. On a per-cycle basis, Sl and S2 se-
lection had similar predicted gains. The absolute differences between 
Sl and S2 selection on a per-cycle basis was small, and the extra year re-
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TABLE 7 - Predicted genetic gains for grain yield on a per-cycle and per-year basis for seven recur-
rent selection methods calculated assuming a 20% selection intensity among 100 progenies 
replicated twice within each of three environments. 
Predicted gam 
Selection method Cycle Year Years per cycle 
-----------q ha· 1----------
FS 7.6 3.8 2 
HS 5.1 2.5 2 
Sl 9.1 4.5 2 
S2 9.3 3.1 3 
TC-I 4.4 2.2 2 
TC-B 5.0 2.5 2 
FR 5.4 2.7 2 
quired to complete a cycle of 52 selection magnified the difference in fa-
vor of S 1 selection on a per-year basis. As expected, the predicted gain for 
HS selection was smallest of the intrapopulation methods on both a per-
cycle and per-year basis. FS selection was intermediate between S 1 and 52 
selection on a per-year basis. On the basis of both genetic gains per-cycle 
and per year, S1 selection seemed to provide the most rapid improvement 
of the population per se. Empirical evidence is needed, however, to provi-
de a critical comparison of S 1 and 52 selection. The most rapid interpo-
pulation improvement on a per-cycle basis would occur with testcross se-
lection using S 1 plants crossed to a broad-base tester. However, the addi-
tional year required to complete a cycle of testcross selection using S 1 
plants offsets the advantages on a per-year basis. On a per-year basis, FR 
selection provides the most rapid interpopulation improvement. This might 
be expected because of simultaneous selection in two populations. Predic-
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ted genetic gains on a per-year basis for TC-I and TC-B were similar and 
only slightly smaller than FR selection. 
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